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TelomeresIn the budding yeast Saccharomyces cerevisiae, telomeric DNA includes TG1–3/C1–3A double-stranded
DNA and a protruding G-rich overhang. Our previous studies revealed that the telomerase regulatory
subunit Est1 promotes telomeric single-stranded DNA to form intermolecular G-quadruplex in vitro,
and this activity is required for telomere replication and protection in vivo. In this study, we further
characterized the G-quadruplex promoting activity of Est1. Here we report that Est1 is able to pro-
mote the single-stranded oligonucleotide of (TGTGTGGG)4, which mimics the natural telomeric DNA,
to form intramolecular G-quadruplex. Therefore, it remains possible that the intramolecular
G-quadruplex promoting activity of Est1 is biologically relevant in telomere replication in vivo.
 2013 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction DNA is elongated by the telomerase or homologous recombinationTelomeres are the protein–DNA complexes at the ends of linear
chromosomes in eukaryotic cells, and they play critical roles in
maintenance of genome integrity and chromosome stability [1–2].
The telomeric DNA is composed of guanine (G)-rich double-
stranded DNA as well as a protruding single-stranded overhang
[1,3]. TheG-rich single-strandedDNAhas theability to formahigher
order DNA structure, known as G-quadruplex structure in vitro and
in vivo [4–5]. The G-quadruplex structure is composed of several
layers of G-quartets. Each G-quartet contains four guanines ar-
ranged in a square-planar unit byhydrogen-bonding and each guan-
ine serves as both the donor and acceptor in a Hoogsten base pair.
TheG-quadruplexhas aparallel or antiparallel conﬁguration formed
within one (intramolecular) or several (intermolecular) single-
stranded DNA molecules [6–7]. G-quadruplex structure can be reg-
ulated by trans and cis elements [8–9]. The only evidence to support
the existence of in vivo G-quadruplex came from the studies in cili-
ate, in which Paeschke et al. developed an antibody that speciﬁcally
recognizes the antiparallel G-quadruplex in vivo, and they found
that telomere binding factors TEBPa and TEBPb are both required
for in vivo G-quadruplex formation [10–11].
In the budding yeast Saccharomyces cerevisiae, each telomere
contains 350 bp of irregular TG1–3/C1–3A repeats [1]. Telomericpathway when telomerase is absent [12–14]. Telomerase consists
of the catalytic subunit Est2, RNA template TLC1, as well as the reg-
ulatory subunits Est1 and Est3 [15–19]. Est2 and TLC1 form the tel-
omerase core enzyme, which can exert the nucleotide addition
activity in vitro [20]. Est1 and Est3 are also required for the telome-
rase activity in vivo, and deletion of any of the four components
causes telomere shortening and cellular senescence [18]. Est1 is
expressed and binds to telomeres in S phase [21–23], and recruits
telomerase through interactions with TLC1 and single-stranded
DNA binding protein Cdc13 [24–27]. Est1 is able to promote telo-
meric single-stranded DNA to form tetra-molecular parallel
G-quadruplex structure in vitro. This activity has been shown to
be required for telomere replication and protection in vivo
[28–29]. Mutations in the conserved sites of the EF-hand motif in
Est1 impair the G-quadruplex promoting activity resulting in
telomere shortening and cellular senescence [28–29].
The tetra-molecular G-quadruplex DNA structures are very ther-
mally stable; however, they have large kinetic formation barriers,
requiring high concentrations of monovalent cations and long peri-
ods of incubation [30]. Because of this, it has been proposed that the
unimolecular (or intramolecular) G-quadruplex could be more bio-
logically relevant in vivo [31–33]. In order to extend the studies of
Est1 on G-quadruplex formation, we examined the intramolecular
G-quadruplex promoting activity of Est1 by using several single-
stranded telomeric DNA oligonucleotides of 32- to 38-nucleotides
containing either three or four repeats of three consecutive
Table 1
List of oligonucleotides mentioned or used in this work.














The telomeric oligonucleotides are named Chr XXX, such as Chr IR, which indicates
the right arm telomere of the ﬁrst chromosome. GGG-tracts are shown in bold.
Mutation of 4G3 is shown in italic.
660 Q.-J. Li et al. / FEBS Letters 587 (2013) 659–665guanines. Our results showed that Est1 could promote the oligonu-
cleotide of (TGTGTGGG)4 to form intramolecular G-quadruplex.
2. Materials and methods
2.1. Oligonucleotides
The oligonucleotides were synthesized by Sangon Biotech
(Shanghai, China). In most of the experiments, the DNA samples
were prepared by mixing 80 pM 32P-labeled probes with 4 lM
unlabeled DNA. Because the amount of 32P-labeled probes was
small, the DNA concentration was considered to be approximately
4 lM. For the intramolecular G-quadruplex formation induced by
KCl, the DNA samples were incubated in a 10 mM Tris–HCl (pH
7.5) buffer, heated at 95 C for 5 min and slowly cooled down (over
2 h) to room temperature, then supplemented with 100 mM KCl
and incubated at 25 C for different time as indicated. For Est1-pro-
moted intramolecular G-quadruplex formation, if no speciﬁc indi-
cation, 4 lM DNA, 200 nM GST-Est1 protein were incubated in the
buffer containing 25 mM Tris–HCl, pH 8.0, 10% (v/v) glycerol,
1 mM DTT, 50 mM NaCl, 5 mM MgCl2, 0.5 mM EDTA and 0.1 lg/
ll BSA at 25 C for 15 min.
2.2. Protein puriﬁcation
The expression plasmids of pEGKT-EST1 and pEGKT-est1-D514A
were introduced into yeast strain BCY123, respectively. The protein
overexpression and puriﬁcation were performed as described pre-
viously [28].
2.3. DMS interfering assay
Before the induction of G-quadruplex, 1% DMS in ethanol (v/v)
was added to the 32P-labeled probes and incubated at 25 C for
20 min. The DMS-methylated probes were mixed with the unla-
beled DNA, and the assay for G-quadruplex formation induced by
KCl or Est1 was then performed as above.
2.4. Gel electrophoresis
The G-quadruplex DNA was analyzed by native or denaturing
polyacrylamide gel electrophoresis (PAGE). The native gel electro-
phoresis was performed on a 15% polyacrylamide gel containing
20 mM KCl, 1  TBE and 2.5% glycerol in 0.5  TBE running buffer
containing 20 mM KCl at 4 C. Denaturing gel electrophoresis was
performed on 15% polyacrylamide gel containing 7 M urea, 1  TBE
and 2.5% glycerol. The gels were dried, and signals were detected
with FLA-9000 (Fuji, Japan) and quantiﬁed with Fuji Multi Gauge
software.
2.5. Circular dichroism spectroscopy
The products induced by KCl or Est1 were subjected to circular
dichroism (CD) analysis. The CD spectra were recorded on a JAS-
CO-715 spectropolarimeter using a 1-cm pathlength quartz cuvette
with a reaction volume of 300 ll. For each sample, an average of two
scans was taken, and the spectrum of the buffer was subtracted.
3. Results
3.1. Potassium induces guanine-rich telomeric single-stranded DNA
oligonucleotide 4G3 to form parallel intramolecular G-quadruplex
The G-quadruplex DNA structures are highly polymorphic.
According to the numbers of DNA strands folded in, the G-quadru-
plex can be divided into intermolecular and intramolecularstructures. Different types of G-quadruplex may play distinct roles
in telomere replication, recombination and protection [34]. The
telomeric repeats in yeast are much more heterogeneous than that
in ciliate and metazoan, and it is often denoted as TG1–3 [1]. How-
ever, the sequence containing four GGG-tracts exists naturally
within telomeric DNA of different chromosomes (Table 1) [35].
Previous study showed that the 4G3 oligonucleotide (Table 1),
which is derived from S. cerevisiae telomeric DNA and contains reg-
ular four G-tracts of three consecutive guanines, forms intramolec-
ular G-quadruplex in the presence of monovalent cations, such as
potassium and sodium [36]. We performed the G-quadruplex-for-
mation assay as previously reported [37], and found that in the
presence of 100 mM KCl, 1 M KCl or 1 M NaCl, 4G3 can form a
structure with increased mobility (Fig. 1A). The intramolecular
G-quadruplex is thought to fold into a more compact structure
than the loose single-stranded DNA, and it is predicted to have a
faster migration rate than the single-stranded DNA in a native
gel [38]. Interestingly, the products induced by sodium migrated
slightly faster than those induced by potassium (Fig. 1A). The rea-
son for this is not clear but most likely because the G-quadruplex
induced by sodium has a different conﬁguration from that induced
by potassium. In a denaturing gel, both the induced and uninduced
DNA oligonucleotides behaved the same (Fig. 1B). This result is
consistent with previous reports, and indicates that potassium is
a better inducer for the formation of intramolecular conﬁguration
of G-quadruplex [36]. Thereby, we used 100 mM KCl in the follow-
ing experiments.
To validate that the DNA product of 4G3 induced by potassium
is the G-quadruplex, we performed a DMS interfering assay. DMS
can methylate the N7 position of guanine to inhibit the formation
of G-quartet. When 4G3 was pretreated with DMS, the faster
migrating band induced by potassium disappeared (Fig. 1C). To fur-
ther conﬁrm the band with slightly faster migration rate is the
intramolecular G-quadruplex, we used the oligonucleotide of
4G3M, in which the middle G in the ﬁrst GGG-tract of 4G3 was
changed to T (Table 1), to induce intramolecular G-quadruplex for-
mation. As expected, the 4G3M oligonucleotide could not form a
band with an increased mobility in the presence of 100 mM KCl
(Fig. 1D). Taken together, these results support the idea that the
faster migrating band of 4G3 products induced by KCl represents
the G-quadruplex structure. Because the 4G3 oligonucleotide used
in previous study [36] harbors several non-telomeric nucleotides
at the 50 end, we synthesized Telo-4G3 (Table 1), an oligonucleotide
with telomeric sequence, and performed the G-quadruplex forma-
tion assay (i.e., induce Telo-4G3 with 100 mM KCl). The result
showed that this oligonucleotide could fold to intramolecular
G-quadruplex structure in the presence of potassium (Fig. 1D).
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Fig. 1. The 4G3 oligonucleotide with telomeric DNA sequence forms intramolecular G-quadruplex. (A) 4 lM oligonucleotide of 4G3 containing 80 pM of 32P-labeled probe was
incubated in 10 mM Tris–HCl (pH 7.5) buffer containing KCl or NaCl at the indicated concentration for 72 h. The products were separated in a 15% native polyacrylamide gel.
(B) The products of 4G3 induced by 0.1 M KCl were analyzed with a 15% denaturing polyacrylamide gel containing 7 M urea. The oligonucleotides Ran30 and Ran60 with non-
telomeric sequence were loaded as markers. (C) DMS interfering assay. The oligonucleotide of 4G3 was treated with DMS followed by 0.1 M KCl induction and then analyzed
with a native polyacrylamide gel. (D) 4G3, 4G3M or Telo-4G3 was incubated with 10 mM Tris–HCl (pH 7.5) buffer containing 0.1 M KCl or lacking KCl for 24 h. The products
were separated in a 15% native polyacrylamide gel. (E) Circular dichroism (CD) spectroscopy analysis of 4G3 G-quadruplex conformation. Samples without 32P-labeled probes
were prepared as those in the gel electrophoresis assays. The black and red curves indicate the samples in the absence and presence of 0.1 M KCl, respectively. (F) A schematic
depiction of the possible folding pattern of parallel intramolecular G-quadruplex of 4G3 induced by KCl. (G) The 4G3 oligonucleotide was incubated with 0.1 M KCl for
different periods of time and the products were separated in a 15% native gel (bottom panel). The percentage of the faster migration bands (intramolecular G-quadruplex)
were quantiﬁed (top panel). The ratio of intra-G4 means the percentage of the signal of the faster migration bands to the total signals of both the intramolecular G-quadruplex
and unfolded ssDNA.
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ture of 4G3 induced by potassium, we used circular dichroism
(CD) spectroscopy to analyze the folding orientation of DNA
strands. The CD analysis revealed that the intramolecular DNA
high-order structure displayed a typical characteristic of parallel
G-quadruplex conﬁguration with the maximum ellipticity at wave-
length of 265 nm and the minimum at wavelength of 240 nm
(Fig. 1E). This result is consistent with the previous study [36]. Ta-
ken together, these results indicate that potassium can readily in-
duce the 4G3 oligonucleotide to form a parallel intramolecular G-
quadruplex (Fig. 1F).
In order to examine how efﬁciently potassium induces 4G3 to
form the intramolecular G-quadruplex, we incubated 4G3 with
100 mM KCl for different periods of time, and examined the G-
quadruplex formation. The results showed that the faster migra-
tion band became prominent after 3 h of incubation (Fig. 1G).
The quantiﬁcation of shifted bands indicated that the percentage
of intramolecular G-quadruplex in the total loaded DNA increased
with the elongation of incubation time (Fig. 1G, top panel). In thefollowing experiments, the intramolecular G-quadruplex induced
by 100 mM potassium at 24 h was used as a control, which indi-
cates the migration rate of the intramolecular G-quadruplex.
3.2. Est1 promotes the 4G3 oligonucleotide to form intramolecular
G-quadruplex
Est1 can speciﬁcally bind and convert the telomeric single-
stranded DNA into an intermolecular G-quadruplex [21,28]. How-
ever, it has been proposed that the intramolecular (unimolecular)
G-quadruplex is more biologically relevant than the intermolecular
G-quadruplex in vivo [31–33,39]. Therefore, we wondered whether
Est1 could also induce any yeast telomeric single-stranded DNA to
form an intramolecular G-quadruplex structure. We examined the
intramolecular G-quadruplex promoting activity of Est1 by incu-
bating GST-fused Est1 puriﬁed from yeast with the 4G3 oligonu-
cleotide (Table 1) in the absence of potassium. The gel
electrophoretic analysis showed that Est1 could promote the telo-
meric 4G3 DNA to form a product with the same electrophoretic
662 Q.-J. Li et al. / FEBS Letters 587 (2013) 659–665mobility as the intramolecular G-quadruplex induced by potas-
sium (Fig. 2A). This result was reproducible in three independent
experiments, and the quantiﬁcation of the intramolecular G-quad-
ruplex signal promoted by Est1 is shown in Fig. 2A (bottom panel).
The percentage of intramolecular G-quadruplex was elevated from
26.7% to 35.4% (P < 0.01). When the 4G3 oligonucleotide was pre-
treated with DMS, it could not be converted into a G-quaduplex
conformation by Est1 (Fig. 2A), supporting the argument that
Est1 was able to promote 4G3 to form an intramolecular G-quadru-
plex. Consistently, the Est1-D514A mutant protein, which harbors
a point mutation at the conserved site in the loop region of EF-
hand [28], showed lower intramolecular G-quadruplex promoting
activity (28.6%, Fig. 2B) than wild-type Est1 (35.4%, Fig. 2B). The
CD spectrum analysis revealed that the intramolecular G-quadru-
plex promoted by Est1 had similar characteristics to that induced
by potassium (Fig. 2C), suggesting that the intramolecular G-quad-
ruplex promoted by Est1 had a parallel conformation. These results
suggest that Est1 has the activity to promote single-stranded DNA
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Fig. 2. Gel-shift analyses for the intramolecular G-quadruplex promoted by Est1. The G
analyzed with 15% native gels in A, B, D and E, or with CD spectroscopy in C. (A) Gel
intramolecular G-quadruplex induced by 0.1 M KCl for 24 h, serving as positive control. L
1 h (negative control). Lane 3, 200 nM GST-fused Est1 and 4 lM 4G3 containing 80 p
oligonucleotide was treated with DMS and then incubated with Est1 (lane 4) or buffer (
quantiﬁed as the ratio of intra-G4 (bottom panel). The error bars and P value were calcula
(A). Lane 2, negative control as in (A). Lane 3, the intramolecular G-quaduplex promoted
mutant protein (top panel). The products of intramolecular G-quadruplex were quantiﬁe
The sample without 32P-labeled probes was prepared as that in gel electrophoresis assay
KCl for 15 min or 60 min as indicated. (E) 4 lM 4G3 oligonucleotide was incubated with 2
polyacrylamide gel (bottom panel), and the intramolecular G-quadruplex were quantiﬁe3.3. Characterization of Est1’s intramolecular G-quadruplex promoting
activity
Since the induction of intramolecular G-quadruplex by 100 mM
KCl required about 3 h (Fig. 1G), we wanted to know the efﬁciency
of Est1 in promoting intramolecular G-quadruplex formation. Our
results showed that Est1, but not potassium, promoted 4G3 to form
the intramolecular G-quadruplex within 15min (Fig. 2D, compare
lane3 to lane4). Theproductof intramolecularG-quadruplex induced
by Est1 did not increasewith additional extension of incubation time
(Fig. 2D, compare lane 3 to lane 7). Adding 100 mMpotassium to the
reaction sample containing Est1 did not enhance the formation of
intramolecular G-quadruplex (Fig. 2D, lane 5 and 9). It is possible that
the ionic strength of 100 mM potassium interfered with the
interactions between Est1 and the 4G3 oligonucleotide, thus affecting
the activity of Est1. A time-course experiment showed that the
intramolecular G-quadruplex arised within ﬁve minutes in the pres-
ence of Est1 (Fig. 2E), indicating that the formation of intramolecular
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-quadruplex products of 4G3 induced by 0.1 M KCl (positive control) or Est1 were
electrophoretic analysis of 4G3 products induced by Est1 (top panel). Lane 1, the
ane 2, the 4G3 oligonucleotide incubated with the elution buffer for Est1 (no KCl) for
M 32P-labeled probes were mixed and incubated for 1 h. Lane 4 and 5, the 4G3
lane 5). The ability of Est1 to promote intramolecular G-quadruplex formation was
ted from three independent experiments (P < 0.01). (B) Lane 1, positive control as in
by Est1 protein. Lane 4, the intramolecular G-quaduplex promoted by Est1-D514A
d (bottom panel). (C) CD spectroscopy analysis of the 4G3 products induced by Est1.
s in (A). (D) 4 lM 4G3 oligonucleotide was incubated with 200 nM Est1 or/and 0.1 M
00 nM Est1 for different periods of time. The products were separated in a 15% native
d (top panel).
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Fig. 3. Est1 promotes 4G3 to form intra- or intermolecular G-quadruplex in a DNA
concentration dependent manner. The G-quadruplex products of the 4G3 oligonu-
cleotide induced by 0.1 M KCl (positive control) or Est1 were analyzed with 15%
native gels. (A) The 4G3 oligonucleotide at the indicated concentration was
incubated with 200 nM Est1 for 20 min. The amount of 32P-labeled probes in all
lanes was identical. The Est1–DNA complex, single-stranded DNA, inter- and
intramolecular G-quadruplex are indicated on right. (B) The 4G3 oligonucleotide at
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Fig. 4. Est1 is not able to convert TG32 or TG37 into intramolecular G-quadruplex.
4 lM of the oligonucleotide TG32 (A) or TG37 (B), whose sequence is shown in
Table 1, containing 80 pM 32P-labeled probes was incubated with KCl, NaCl (at
indicated concentration for 72 h) or Est1 (C) (200 nM for 20 min). The products
were separated in a 15% polyacrylamide native gel.
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lecular G-quadruplex formation [28]. In this study, we found that
Est1 could also promote the 4G3 oligonucleotide to form intramo-
lecular G-quadruplex structure, but we had not yet detected any
G-quadruplex product with an intermolecular conﬁguration
(Fig. 2). The differences of assay conditions between the previous
and current study are the nucleotide composition and the concen-
tration of DNA oligonucleotides. The oligonucleotides used in our
previous study have irregular TG sequences [28], which are differ-
ent from that of the 4G3 oligonucleotide used in the experiments
described above (Figs. 1 and 2). Additionally, the DNA concentra-
tion used in this study was 4 lM (Figs. 1 and 2) which is about
20000-fold higher than that used in our previous study [28].
In order to address whether 4G3 could be converted into inter-
molecular G-quadruplex, we examined the effect of DNA concen-
tration on the activity of Est1. In this set of experiments, we
mixed the same amount of 32P-labeled oligonucleotides with dif-
ferent amount of unlabeled oligonucleotides to achieve different
total DNA concentration. The gel shift assay showed that under
higher concentrations (e.g. 0.04 to 4 lM), the 4G3 oligonucleotide
was promoted to form the intramolecular G-quadruplex (Fig. 3A,
lanes 3–5). When the DNA concentration was decreased to
0.08 nM (unlabeled/labeled = 0:1), only the intermolecular G-
quadruplex product promoted by Est1 was detected (Fig. 3A, lane
8). Interestingly, when the DNA concentration was at the level of
4 nM (unlabeled/labeled = 50:1) or 0.5 nM (unlabeled/la-
beled = 5:1), both the intramolecular and intermolecular G-quad-
ruplexes were formed (Fig. 3A, lanes 6 and 7). The protein–DNA
complex of Est1–4G3 was visible when the 4G3 oligonucleotide
concentration was lower than 4 nM (the molecule ratio of unla-
beled DNA to labeled DNA was less than 50) (Fig. 3A, lanes 6–8).
The protein–DNA complex of Est1–4G3 could not be detected when
the molecule ratio of unlabeled DNA to labeled DNA was higher
than 500 (Fig. 3A, lanes 3–5). This result indicates that the G-quad-
ruplex-promoting activity of Est1 is affected by DNA concentration.
Est1 preferentially promotes telomeric DNA of higher and lower
concentrations to form the intramolecular and intermolecular G-
quadruplex, respectively. This feature of Est1’s activity on G-quad-
ruplex formation was different from that of potassium, which in-
duces the formation of intramolecular G-quadruplex independent
of DNA concentration (Fig. 3B) [33–34]. It remains unclear why
the DNA concentration affects Est1’s activity. One possibility is that
high DNA concentration may create a crowded environment. This
reaction environment could facilitate Est1 to promote the forma-
tion of intramolecular G-quadruplex, which has a more compact
structure than the ssDNA or the intermolecular G-quadruplex.
3.4. Est1 is unable to promote the TG32 or TG37 to form the
intramolecuar G-quadruplex
To address whether Est1 is also able to promote a telomeric
DNA oligonucleotide with irregular G tracts to form the intramo-
lecular G-quadruplex, we used two oligonucleotides TG32 and
TG37 (Table 1), whose sequences are derived from budding yeast
telomeric DNA sequence. First, we checked whether the oligonu-
cleotides of TG32 and TG37 could be induced into a G-quadruplex
conformation by the monovalent cation potassium or sodium. We
mixed 4 lM TG32 or TG37 oligonucleotides with potassium or so-
dium at concentrations of 1 M or 100 mM, and incubated for 72 h.
The DNA samples were analyzed in a 15% native gel. In the pres-
ence of 1 M potassium, the longer oligonucleotide TG37, but not
the shorter TG32, formed a band with increased mobility (Fig. 4A
and B). This result suggested TG37 could be converted to an intra-
molecular G-quadruplex structure in 1 M potassium solution. In
contrast, a faster migration band of TG37 was not detected in
1 M sodium solution, and a slower migration band for both TG32and TG37 was seen in 1 M sodium solution (Fig. 4A and B). These
slower migrating bands might represent different forms of G-quad-
ruplex with the intermolecular conformation.
To examine the intramolecular G-quadruplex promoting activ-
ity of Est1 on TG32 and TG37, we incubated these telomeric oligo-
664 Q.-J. Li et al. / FEBS Letters 587 (2013) 659–665nucleotides at a concentration of 4 lM with Est1, and then ana-
lyzed the products in a native gel. The result showed that in the
presence of Est1, the electrophoretic mobility pattern of the oligo-
nucleotides did not change (Fig. 4C), suggesting that Est1 is not
able to promote the TG32 or TG37 to form a high-order structure
with intramolecular G-quadruplex conﬁguration. The protein–
DNA complex of Est1-TG32 or -TG37 was not visible because the
molecule ratio of unlabeled DNA to labeled DNA was too high.
4. Discussion
The formation of various types of G-quadruplex structures by
single-stranded DNA depends on the sequence, the number of
guanine tracts and concentration of DNA and cations [34,40–41].
The intermolecular and intramolecular G-quadruplexes are two
different conﬁgurations of G-quadruplex. The formation of intra-
molecular G-quadruplex formation needs longer single-stranded
DNA that bears at least four tracts of GGG repeat. The formation
of intermolecular G-quadruplex only needs G-rich sequence. Our
previous study demonstrated that the TG1–3 oligonucleotides are
converted into intermolecular, but not intramolecular G-quadru-
plex by Est1 [28]. In this work, we showed that the 4G3 oligonu-
cleotide is converted into both intermolecular and intramolecular
G-quadruplex by Est1. The major differences between these two
sets of experiments are the sequence and substrate concentration
of single-stranded DNA. The oligonucleotide 4G3 contains regular
four TGTGTGGG repeat, and can be induced into intramolecular
G-quadruplex by Est1 (Fig. 2). In contrast, TG32 and TG37 do not
contain four GGG tracts, and they can not be induced into intramo-
lecular G-quadruplex by Est1 (Fig. 4C), suggesting that four GGG
tracts are important in the process of intramolecular G-quadruplex
induction. Interestingly, under the induction of Est1, the 4G3 oligo-
nucleotide of 40 nM–4 lM and 0.08 nM exclusively forms intramo-
lecular and intermolecular G-quadruplex, respectively, while the
4G3 oligonucleotide of 0.5–4 nM forms both the intramolecular
and intermolecular G-quadruplex (Fig. 3A), indicating that the con-
formation of Est1-induced G-quadruplex is dependent on the con-
centration of single-stranded DNA. Thus, we favor the argument
that Est1 has the ability to promote both inter- and intramolecular
G-quadruplex formation, and the conformation of the G-quadru-
plex is dependent on the length, sequence and concentration of
single-stranded DNA.
The G-quadruplex structures have been studied extensively
in vitro [39–40,42]. However, there is rare evidence to support
the existence of telomeric G-quadruplex in vivo. The G-quadruplex
DNA with antiparallel conformation in Stylonychia lemnae
macronuclei has been detected using a speciﬁc antibody [10],
and the down-regulation of either TEBPa or TEBPb, a telomere
end binding protein, abolished G-quadruplex formation [11]. Our
previous studies elucidated that yeast telomerase regulatory sub-
unit Est1 has the activity to convert telomeric single-stranded
DNA to intermolecular G-quadruplex in vitro [28], and the muta-
tion of Est1, which exhibits deﬁciency in G-quadruplex promotion,
causes telomere shortening and cell senescence [28–29]. In this
study, we showed that yeast telomeric single-stranded DNA can
form intramolecular G-quadruplex upon potassium induction
in vitro (Figs. 1A, D and 4B) [8,36]. Additionally, we observed that
Est1 could also promote the single-stranded DNA of 4G3, which has
four G-tracts and mimics telomere sequences (Table 1) [8,36], to
form intramolecular G-quadruplex (Figs. 2A and 3A). Therefore,
we favor the idea that yeast telomeric DNA may form intramolec-
ular G-quadruplex in vivo, and Est1 contributes to the formation of
this structure. It has long been suggested that the intramolecular
G-quadruplex is more biologically relevant than the intermolecular
G-quadruplex in vivo [31–33,39]. The development of efﬁcient
tools (e.g., the speciﬁc antibodies against either intra- or inter-molecular G-quadruplex) will be of great help to our understand-
ing of the in vivo function of both intra- and inter-molecular G-
quadruplexes.
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